(weaker) and O-O (stronger) bonds for the T. pallidum enzyme. Thus, the two peroxo adducts in these two SORs have different stabilities which are also seen to be correlated with differences in the Fe-S coordination strengths as gauged by the Fe-S vibrational frequencies.
This was interpreted from structural variations in the two active sites, resulting in differences in the electron donating properties of the trans cysteine ligand. Our results suggest that the structural differences observed in the active site of different classes of SORs should be a determining factor for the rate of release of the iron-peroxo intermediate during enzymatic
turnover.
INTRODUCTION
Superoxide reductase (SOR 1 ), a small metalloprotein of ca. 14 kDa, is a newly discovered antioxidant enzyme which catalyses the one-electron reduction of superoxide anion (O 2 SOR proteins have been found in several air-sensitive bacteria [2, 4, 5] and archaea [1, 6] and their activity is thought to play a fundamental role for these anaerobic organisms in the defence against oxidative and superoxide stress or exposure to adventitious molecular oxygen [7, 8] .
The active site of SOR consists of a non-heme Fe 2+ centre (named Centre II in those 2Fe-containing SORs) in an unusual [His 4 Cys 1 ] square pyramidal pentacoordination [2, 9, 10] . In the reduced state, the sixth, axial coordinating site of the iron is vacant, and suggests the most obvious site for initial binding of the superoxide substrate [9, 12] . SOR reacts specifically at a nearly diffusion-controlled rate with O 2
•-, generating H 2 O 2 and the oxidized Fe 3+ active site [2] . In the oxidized state, the active site Fe 3+ centre becomes hexacoordinated, with its sixth coordination site occupied by a conserved glutamic acid residue (E47 in Desulfoarculus baarsii) [12] [13] [14] . The electrons involved in the reaction can be provided to the oxidized active site by rubredoxin [1, 15] or by NAD(P)H dependent cellular reductases in the absence of rubredoxin [2] .
Three classes of SORs have been described so far, all of which display a similar active site. Desulfovibrio desulfuricans [16] , Desulfovibrio vulgaris Hildenborough [17] and
Desulfoarculus baarsii [2] SORs are representatives of Class I, in which the catalytic domain is linked to a small N-terminal domain structurally similar to desulforedoxin and containing an additional iron centre, named Centre I [9] . The mononuclear Fe 3+ of Centre I is ligated with four cysteines in a distorted tetrahedral arrangement, of rubredoxin-type. SORs of Class II, such as Pyrococcus furiosus SOR [1] , are characterized by the absence of the additional 4 N-terminal domain [12] . In Class III as represented by the Treponema pallidum SOR [4, 5] , this domain is present but is incapable of binding the second Fe atom and therefore Centre I is absent. In fact, when present, a functional role of Centre I has not been established [2, 4, 10, 11] .
Pulse radiolysis studies on SORs have shed light on their enzyme mechanism [19] [20] [21] [22] [23] [24] .
It is now generally agreed that the reaction of O 2 •-with the reduced iron Centre II proceeds through an inner-sphere mechanism. The first step of the reaction consists of a bi-molecular reaction of SOR with O 2 •-in a nearly diffusion-controlled process (10 9 M -1 s -1 ), to form a first reaction intermediate. The subsequent step was clearly identified as a protonation process [23, 24] , leading to the formation of a second reaction intermediate [24] , before the formation of the final products of the reaction, H 2 O 2 and the oxidized iron Centre II. However, this last step of the reaction mechanism is not kinetically characterized yet [20, 21, 24] . Other groups propose that the first intermediate leads directly to the final product of the reaction, without formation of a second intermediate [19, 22, 23] . In all cases, the last step of the reaction might proceed with the intervention of the conserved glutamate residue, which becomes the sixth ligand of the Fe 3+ ion in the oxidized Centre II [12, 14, 23, 24] . Site-directed mutagenesis, protein expression and purification.
Two primers were designed for PCR-based site-directed mutagenesis to create the T.
pallidum SOR mutant E48A. Primer 1 (5'GGA TGC AGC GAA GGC AAA GCA TAT CCC CG3') and primer 2 (5'CGG GGA TAT GCT TTG CCT TCG CTG CAT CC3') contained the mutation of interest (underlined). Mutagenesis was carried out on the plasmid pVN10-2 [4] with the QuickChange TM site-directed mutagenesis kit from Stratagene. The mutation was verified by DNA sequencing. The resulting plasmid, pCMTPE48A was transformed in E. coli DH5α. Over-expression and purification of the E48A mutant protein was carried out as reported for the wild-type protein [4] . Purification of the wild-type and E47A proteins from D. baarsii were performed as described in [2] and [20] . Purified protein samples, in 10 mM
Tris-HCl pH 7.6, were concentrated using Microcon 10 microconcentrators (10 kDa cut-off membranes). Total iron content in proteins was determined using atomic absorption spectroscopy as described elsewhere [2] . Unless otherwise stated, proteins were oxidized using 3 equivalents of K 2 IrCl 6 . For certain cases, 1.5 equivalents of K 3 Fe(CN) 6 were used. In general, the excess oxidant was removed by washing using Microcon 10 microconcentrators. 
Pulse radiolysis.
Pulse radiolysis measurements were performed as described elsewhere [20, 21] . Briefly, free radicals were generated by irradiation of O 2 -saturated aqueous protein solutions (100 µM), in , as previously described [20] . Doses of ca. 5 Gy per pulse resulted in ca. 3 µM of O 2 •-.
Reactions were followed spectrophotometrically, between 450 and 750 nm, at 20°C in a 2 cm path length cuvette. Kinetic traces were analyzed using a Levenberg-Marquardt algorithm from the Kaleidagraph software package (Synergy Software).
Spectroscopy.
Optical absorbance measurements were made using a Varian Cary 1 Bio spectrophotometer, in 1 cm path length cuvettes. For measurements using H 2 O 2 as the oxidant, spectra were rapidly recorded, immediately after addition, using a multichannel diode-array spectrophotometer (Helwett-Packard) and the evolution of the absorption spectrum was followed every few seconds. Low temperature 4.2 K X-band EPR spectra were recorded on a
Bruker EMX 081 spectrometer equipped with an Oxford Instrument continuous flow cold He gas cryostat.
Resonance Raman spectra were recorded using a modified single-stage spectrometer Verification of small frequency differences of 2 cm -1 of homologous bands originating from 9 two different samples was established by recording, during the same day, the two different samples deposited the same sample holder under the same spectroscopic/geometric conditions. Baseline corrections were performed using GRAMS 32 (Galactic Industries). In all reported spectra, the contributions from ice have been subtracted using the GRAMS 32 software by cancellation of the 230 cm -1 band.
RESULTS

Characterization of the T. pallidum E48A mutant.
The Treponema pallidum SOR E48A mutant was purified in an homogeneous form, with an iron content of 0.75 iron atom per polypeptide chain. The E48A mutant was isolated in a completely reduced state, stable in the presence of air. Figure 1A shows the 400-900 nm region of the electronic absorption spectrum of the T. pallidum E48A mutant in its ferric state oxidized with K 2 IrCl 6 at pH 8.5. Similar spectra have been observed when it is oxidized with ammonium persulphate or superoxide generated with the xanthine / xanthine oxidase system (data not shown). As described in the case of the Desulfoarculus baarsii enzyme, the maximum of the absorption spectrum depends on the pH. Upon increasing the pH from 5 to 9.1, the absorption band of the iron center exhibits a 80 nm blue shift from 650 to 560 nm, with a pK a value of 6.0 (Fig. 1B ). This value is almost identical to that reported in the case of the E47A mutant of D. baarsii (pKa = 6.7) [24] . On the other hand, between pH 5 and 8.5, the spectrum of the oxidized T. pallidum wild-type SOR exhibits the same maximal absorption at 650 nm (compare Figure 1a with Supplemental Data Figure S2a ). Above pH 8.5, the iron center becomes unstable and no spectra could be collected. However, these pH-dependent absorption data are similar to those of the wild-type SOR from D. baarsii, which exhibits the 80 nm blue-shift absorption transition at higher pH (pK a 9.0) [24] . Figure 3 shows the 15 K RR spectrum of the wild-type SOR from T. pallidum oxidized with K 2 IrCl 6 , excited using 647.1 nm radiation, in resonance with the S → Fe 3+ charge transfer band of the active site [16, 28] . The active site modes thus enhanced predominantly arise from the Fe 3+ -S(Cys) moiety [10, 25, 28] .
Unlike the SOR from D. baarsii, this resonance Raman spectrum is not complicated by the preresonance Raman contribution of Center I. Johnson and co-workers, using 34 S, 15 N and 54 Fe global protein isotopic labelling of SORs from P. furiosus [28] and D. vulgaris [10] have shown that the low-frequency Fe-S stretching mode is kinematically coupled to several cysteine ligand deformation modes close in energy, resulting in several mixed modes. The low frequency region of the spectrum of the SOR from T. pallidum is dominated by bands at 304, 311, 326, and 357 cm -1 . Based on the assignments made by Johnson and co-workers [10, 28] , we may assign the 304, 311, and 326 cm -1 bands in Figure 3 , respectively, to Fe-S stretching and bending modes (contributions from S-C β -C α bending deformations). The 357 cm -1 band can be assigned to a cysteine deformation mode containing significant C-N character [28] . The 500-800 cm -1 region is expected to contain contributions from overtone and combination bands, except for the 658 cm -1 band which was assigned to a fundamental with significant cysteine C-N character [10, 28] . The intense 746 cm -1 band in Figure 3b can be assigned to a cysteine S-C β stretching mode [28] . The weakly enhanced bands in the 200-250 cm -1 region are attributable to Fe 3+ -N stretching modes from the coordinating histidine residues [10, 28] . Bands are observed at 215, 232 (the residual feature in this band is due to the subtraction of the ice band at 230 cm -1 ) and 255 cm -1 , which agree well with those observed in the P. furiosus spectrum which showed 15 N isotopic shifts [28] .
For the D. baarsii RR spectrum (Figure 3 ), the preresonance contributions from Center I have been subtracted by cancellation of the 384 cm -1 band, arising uniquely from the nonactive Center I site. As with the oxidized T. pallidum RR spectrum, the difference spectrum is also dominated by contributions from the Fe 3+ -S(Cys) moiety ( Figure 3) . By analogy to the assignments made for the SORs from P. furiosus [28] and D. vulgaris [10] -N stretching mode bands [28] are seen at 216, 234 and 238 cm -1 . Also, two shoulders at 277 and 289 cm -1 are visible, which corresponds to the broader unresolved shoulder at 280 cm -1 in the T. pallidum spectrum. Figure 3 shows that the RR spectrum of the T. pallidum E48A mutant at pH 8.5 is similar to that of wild-type. Some small changes in relative band intensities (Fig. 3) could be attributed to differences in the electronic absorption properties (Fig. 1A) . Closer inspection of the T. pallidum wild-type and E48A spectra also indicate minor frequency shifts in the 658-662/660 cm -1 bands. These observations suggest that the ligand in the sixth position, presumably the Glu 48, appears to act as a rather weak ligand which does not sizeably perturb the vibrational structure of the active site.
The trapped Fe 3+ -peroxo species in the T. pallidum E48A SOR mutant. Figure 4 shows the resonance Raman spectrum excited at 647. -(η 2 -OO) species compared to that of D. baarsii mirrors the small vibrational differences observed for their respective oxidized active sites (see Fig. 3 ). [27, 29] . The effects of this complexation are readily observable in the RR spectrum of T. pallidum and that of D. baarsii, both similar for wild-type and the E48A/E47A mutants. For simplicity we will restrict our discussion to the wild-type proteins. Upon ferrocyanide complexation, the intensity in the low frequency region is enhanced, resulting in a concomitant sharpening of the bands in the 200-260 cm -1 (Fig. 6 ). This probably reflects the change in the electronic absorption properties of the active site upon ferrocyanide complexation (Fig. 1 , and see Supplemental Data Fig. S2 ) [27] , with the appearance of the intervalence broad absorption band at ca. 1000 nm that changes the resonance Raman enhancement conditions with 647.1 nm excitation.
By examining the accompanying RR changes in the Fe-S and Fe-N vibrational modes, the SOR-ferrocyanide complex serves as a sensitive probe for the active site. The effects of ferrocyanide complexation also result in more significant perturbations of the vibrational structure of the SOR active sites for T. pallidum and D. baarsii (Fig. 6 ). In general, many bands, including those attributable to the Fe-S(Cys) stretching modes, are seen to downshift ferrocyanide [29] indicated that one of the CN -groups is in strong van der Waals contact with at least one of the coordinating His ligands.
DISCUSSION
To date, three X-ray crystallographic structures are available for superoxide reductases, two for Class I SOR [9, 29] and one for Class II SOR [12] . Although these crystal structures indicate that the non-heme iron active site is very similar for these SORs of different classes, they are not able to reveal subtle structural variations that might exist between one class and another. In this work, using resonance Raman spectroscopy, we have shown that the active sites of two SORs from different classes, i.e. D. baarsii and T. pallidum, exhibit significant differences, which may have important mechanistic relevance.
Comparison of T. pallidum and D. baarsii active sites
Comparison of the RR spectra of the K 2 IrCl 6 oxidized active sites of the T. pallidum and D.
baarsii SORs indicated that these two sites are not strictly identical. These structural differences are reflected in their respective resonance Raman spectral bands as variations in both relative intensities and observed frequencies. Due to the extensive kinematic coupling and mixing of the Fe 3+ -S(Cys) stretching and deformation modes in these SOR active sites [10, 28] , even slight changes in vibrational frequencies may significantly alter the band intensity patterns. It should be noted that with our experimental conditions, small frequency differences up to 2 cm -1 for homologous bands on different samples are significant. -N(His) stretching modes [28] .
The most notable is the presence of a 255 cm -1 band in the T. pallidum spectrum which is seen at 238 cm -1 for D. baarsii. The higher frequency seen in the T. pallidum spectrum indicates that at least one histidine is engaged in a significantly stronger coordination with the iron metal center, and thus a relatively shorter distance, as compared to D. baarsii.
To summarize, our data show that, compared to the active site of D. baarsii, for T.
pallidum, i) the Fe-S bond and the cysteine S-C bond are both stronger, indicating greater electron density at these two cysteine bonds, and ii) one or two of the Fe-His bonds are stronger.
The above structural aspects might be correlated with the EPR observations [2, 13, 27] . (another Class I) SOR which exhibits a rhombic EPR signal [16] while that for P. furiosus (Class II) is axial [13] . In fact, the D. desulfuricans Raman spectrum [16] is more like D.
baarsii and the P. furiosus Raman spectrum [28] is more like T. pallidum, especially when comparing of the 742-748 cm -1 band of the S-C cysteine stretching mode.
The structural origin of these observations is not clear yet. The available X-ray crystal structures, of differing resolutions (from 1.15 to 1.9 Å) [9, 12, 29] , do not show the subtle differences revealed by RR spectroscopy for SOR active site in the ferric state. Even the deemed anomalously long distances of the Fe-S bond from the crystal structure of P. furiosus [12] might come from the incomplete Fe occupancy of the four sites in the crystal structure, and thus might be not relevant, as was discussed by Johnson and co-workers [10, 13, 28] . We propose that differences in the conformation of the conserved tetrapeptide sequence beginning with the active site Fe-coordinating cystein and/or subtle variations in H-bonding at the sulphur atom of the cysteine of these two SORs [10] According to the X-ray crystal structure of the P. furiosus SOR [12] and FTIR spectroscopic studies on the D. baarsii and T. pallidum SORs [14] , the Glu47/48 residue appears to act as the sixth ligand of coordination to the Fe 3+ in the active site after oxidation.
The resonance Raman spectra reported here using 647.1 nm excitation were not expected to show significant enhancement of any mode(s) from a possible Glu residue since there is no corresponding charge transfer band to exploit in this spectral region.
Our recent Mössbauer study [26] for D. baarsii indicated near 100% trapping of the side-on peroxo species at the active site of the E47A mutant, when it is formed using the same experimental conditions as reported here. ). 
